Abstract: This paper presents a novel planar matching load for travelingwave-fed substrate integrated waveguide (SIW) slot arrays. The load consists of a planar grounded coplanar waveguide (GCPW) matching load and a planar GCPW to SIW transition which makes the GCPW matching load compatible with the SIW. In the GCPW matching load a high frequency resistor is used to dissipate the remaining power. A traveling-wave-fed SIW slot array with the novel load is designed, fabricated and measured. The measurement results show the proposed planar matching load performs well over a wide band 24.2-26.0 GHz, and reflection coefficient and side lobe level (SLL) of the array is significantly reduced comparing with the array with no load. Keywords: matching load, traveling-wave-fed, SIW slot array, SIW Classification: Microwave and millimeter-wave devices, circuits, and modules
Introduction
Slot array antennas have the advantages of high aperture efficiency, low side lobe level (SLL), low cross polarization and controllable radiation patterns, therefore they are frequently used in many applications [1, 2, 3, 4, 5] . Slot array antennas can be classified into two types: standing-wave-fed and traveling-wave-fed [6] . The impedance bandwidth of the standing-wave-fed slot arrays reduces quickly as the number of slots in the arrays increases, due to their inherent feeding characteristics [7] . However, the increase of number of slots in the traveling-wave-fed slot arrays does not reduce the bandwidth of the arrays [7] , and much larger bandwidth can be achieved which makes traveling-wave-fed slot arrays especially suitable in many applications.
In most of traveling-wave-fed slot arrays, matching loads are required at the terminal of the array which absorb the remaining traveling-wave energy. Both the reflection coefficient and SLL performance can be improved by introducing the matching load [5] . The conventional waveguides based traveling-wave-fed slot arrays normally employ three dimensional waveguide absorbers which are relatively easy to realize. However, with the traveling-wave-fed substrate integrated waveguide (SIW) slot arrays, it is difficult to fabricate the absorbers in the SIW. The three dimensional coaxial matching loads [6, 8] which are widely used at the terminal of the arrays destroys conformal and low profile characteristics of SIW slot arrays. Furthermore, SIW to microstrip transitions and coaxial connectors are required in this configuration. For very high frequency applications, especially at millimeter-wave bands, the size of the coaxial connectors may even be much larger than the corresponding SIWs. Therefore, the coaxial matching load is not the best choice for planar arrays. In order to match a planar SIW slot array, a scheme using a multi-way power divider is proposed [9] . However, this scheme inevitably increases the dimension of the SIW slot array and impedance match at the terminal of each branch is difficult to be achieved.
In order to overcome these drawbacks of coaxial matching loads, a new design of planar matching loads for traveling-wave-fed SIW slot arrays is proposed in this paper. The matching load consists of a planar grounded coplanar waveguide (GCPW) matching load and a planar GCPW to SIW transition. The design of GCPW matching load is detailed in section 2.1, and the equivalent circuit model is also given. In this design, a high frequency resistor which can work at frequency up to 50 GHz is used, and it is equivalent to a 2-port microwave network; grounding vias are equivalent to 1-port microwave network. The length of the GCPW between the resistor and grounding vias is optimized for matching of the GCPW matching load. The design of GCPW to SIW transition is given in section 2.2. Finally, a GCPW matching load, GCPW to SIW transition and a traveling-wave-fed SIW slot array with the planar matching load are designed, fabricated and measured. The measured results show good performance of the planar matching load is achieved.
Design procedure
It is obvious that it is very difficult to place shaped absorbing materials in the dielectric-filled SIW due to the compact planar geometry. This paper presents a novel matching load, as shown in Fig. 1 . At the terminal of SIW, we cascade an optimized GCPW to SIW transition and a GCPW based matching load. A very wide band lumped resistor which mounts on the surface of GCPW is employed to dissipate the power.
GCPW matching load
An ideal equivalent circuit model of GCPW matching load is shown in Fig. 2(a) . It represents the physical circuit that contains the resistor, which connects the upper metal strip of the GCPW directly at one end, and the ground of the GCPW at the other end through a line of grounding vias. This model is accurate enough for low frequency applications, but it is not suitable for microwave applications, especially at millimeter wave bands. Because the length of the resistor is comparable with the wavelength of the GCPW, the parasitic capacity and inductance of the resistor and the grounding vias cannot be ignored. In order to fully consider the parasitic effects, in our design, the resistor is considered as a 2-port microwave network and the grounding end is considered as a 1-port microwave network, as shown in Fig. 2(b) . The scattering parameters of the grounding end can be obtained by the electromagnetic simulations which is accurate, because the structure of the grounding end is already known. However, scattering parameters of the resistor cannot be obtained by electromagnetic simulations, in fact of that we cannot obtain the accurate physical model and material parameters of the chip resistor. The accurate scattering parameters of the resistor can be obtained through measurements.
It should be noted that resistors which have equal resistance at low frequencies may have different impedance at microwave frequency due to different parasitic effects. In our design, thin film chip resistors CH0603 from Vishay which can work up to 50 GHz is used to reduce the parasitic effects and keep consistent performance. The resistance of the utilized resistor is 50 Ohms due to its less parasitic effects at high frequency and easy matching with the GCPW. The size of the resistor is 0.06 inch Ã 0.03 inch. For our design requirement, performance of CH0603 is adequate.
Due to the existence of parasitic effects of the resistor and grounding vias, extra structure may be needed to make the configuration match. According to our experiment, no complicated matching structure is required and only a length of 50 Ohm GCPW is added between the resistor and the grounding vias. The length of the 50 Ohm GCPW are optimized to match the load, as shown in Fig. 2(c) . The relationship of the total reflection coefficient of the GCPW matching load and the length of the additional GCPW are derived from the scattering parameters of the resistor and grounding end:
Where S 11,R , S 12,R , S 21,R , S 22,R are scattering parameters of the resistor, S 11,G are the scattering parameter of the grounding end. With this relationship, the optimized length of the additional GCPW can be determined in order to minimize the total reflection coefficient.
GCPW to SIW transition
The GCPW to SIW transition which is used in the matching load is the same with that in the feeding end of the SIW slot array. It is demonstrated in Fig. 1 . The width W t and length L t of the transition are optimized to make the SIW and 50 Ohm GCPW match over wide band as in paper [10] . The position of minimum reflection coefficient of the GCPW to SIW transition can be shifted to the center frequency by varying L t ; while the reflection coefficient can be improved by varying W t . After the optimization, the optimal value of W t and L t can be determined.
Results
A traveling-wave-fed SIW slot array with −25 dB SLL which operates at 25.25 GHz and a planar matching load are designed and fabricated on the substrate of Rogers RO4003C with the thickness of 1.524 mm and dielectric constant of 3.55, as shown in Fig. 3 and Fig. 4 . The GCPW has characteristic impedance of 50 Ohms and the width of strip and gap are W 0 ¼ 1:18 mm, S 0 ¼ 0:15 mm, respectively. The width of SIW (vias center to vias center) is A p ¼ 5:1 mm, and the corresponding width of equivalent rectangular waveguide is A e ¼ 4:75 mm. The spacing and diameter of the metal vias is P ¼ 0:9 mm and D ¼ 0:5 mm, respectively. The width of slots is 0.15 mm, and they are filleted with 0.075 mm radius. The spacing of the adjacent slots is set to 6 mm so that the main beam points at ¼ 65:2 degrees. The offset and length of the radiated slots is determined by the Elliott's method [11, 12, 13] , as shown in Fig. 5 . 
The matching load
The scattering parameters of the resistor welded on the 50 Ohm GCPW is measured and calibrated by TRL calibration [14] . As shown in Fig. 6 , the transmission coefficients S 12 and S 21 are equal, and the reflection coefficients S 11 and S 22 are also equal. It is shown that the resistor is electrically reciprocal. For an ideal 50 Ohm resistor on a 50 Ohm GCPW, the S 11 & S 22 should be −9.5 dB, and S 21 & S 12 should be −3.5 dB, they are different from the measured results. It is apparent that the parasitic effect of the resistor at high frequency cannot be ignored.
The scattering parameter of the grounding end is simulated, which is shown in Fig. 7 . The S 11 of the grounding end is a little less than 0 dB, because there is a small power loss in the conductor and dielectric medium. The phase of the grounding end is less than 180 degree because the additional distance between the end of GCPW and the metallic vias. The metallic vias have to be at least 0.2 mm away from the end of GCPW for manufacturing purpose. According to Eq. (1), the relationship between the total reflection coefficient of the GCPW matching load versus the length between the 50 Ohm resistor and the grounding end is demonstrated in Fig. 8 . The reflection coefficient of the GCPW matching load reaches minimum, then the length is L ¼ 2:3 mm. The minimum total reflection coefficient of the GCPW matching load can be calculated, and it is −38.43 dB.
The measured reflection coefficient of the GCPW matching load is shown in Fig. 9 . The −10 dB band is from 22.85 GHz to 27.29 GHz, i.e. a wide 4.44 GHz bandwidth. At the center frequency, the measured reflection coefficient of the GCPW matching load is −27.5 dB. It is different from calculation because of the reflection from the coaxial connector used to measure the GCPW matching load. The optimized parameters of the GCPW to SIW transition are W t ¼ 3 mm, L t ¼ 3:7 mm, respectively. The measured scattering parameters of back-to-back GCPW to SIW transition generally agree with the simulated scattering parameters, as shown in Fig. 10 . The difference in the magnitude is caused by coaxial connector loss.
SIW slot array
Two traveling-wave-fed SIW slot arrays are fabricated and measured. One is with the conventional three dimensional coaxial matching load and the other is with the proposed planar matching load. The prototypes are shown in Fig. 4 . It is apparent that the SIW slot array with the coaxial matching load is 20 mm longer than the one with the planar matching load. Also, the width of the coaxial connector used to connect with the coaxial matching load is 12.7 mm, and it is much larger than the width of SIW. If a planar slot array uses this coaxial matching load, the distance between adjacent branch SIW linear slot array will be even larger than the free space wavelength, in which case the grating lobes will inevitably be present. Therefore, the proposed planar matching load has clear dimensional advantage over coaxial load, and also can prevent unwanted grating lobes for planar arrays.
The reflection coefficients of traveling-wave-fed SIW slot arrays with coaxial matching load and planar matching load are measured, and the reflection coefficients with ideal matching load and no matching load are simulated by HFSS, results are shown in Fig. 11 . There is no surprise that the reflection coefficient of the array with no matching load is the largest and reflection coefficient of the array with the ideal load is the smallest. With the planar matching load, the remaining power at the terminal of the array is well absorbed, and the total reflection coefficient of the array is significantly reduced comparing with that of the array with no load. The reflection coefficient of the array with the planar matching load are below −10 dB over the entire band 22 GHz to 28 GHz.
The H-plane radiation patterns at center frequency f ¼ 25:25 GHz of all the SIW slot arrays with different load configuration are shown in Fig. 12 . The SLL of the simulated array with no matching load is −17.48 dB, and the maximum side lobe appears around ¼ 114:9 degrees which is caused by the radiation of the large reflection at the terminal of the array. With the planar matching load, the maximum side lobe can be effectively avoided and the SLL of the array is also significantly reduced. It can be seen that there is excellent agreement between the pattern of the array with the planar matching load and that of the arrays with the ideal matching load and the coaxial matching load. The SLL at 25.25 GHz of the array with the planar matching load is −22.1 dB, and the measured gain is 14.6 dB, as shown in Fig. 13 . With −3 dB criterion, the antenna bandwidth is 7.1% (24.2-26.0 GHz). Within this bandwidth, the SLL is lower than −17.5 dB, and the location of the main beam slightly varies with frequency, as shown in Fig. 14. 
Conclusion
A new design of planar matching loads for traveling-wave-fed SIW slot arrays is presented in this paper. The planar matching load consists of a GCPW matching load and a GCPW to SIW transition. In the GCPW matching load, a high frequency resistor with working frequency up to 50 GHz, is used to dissipate the remaining power. The GCPW matching load, GCPW to SIW transition and traveling-wavefed SIW slot array with the planar matching load are fabricated and measured. The measured results show that the SIW slot array with the proposed planar matching load performs well over a wide band 24.2-26.0 GHz, and reflection coefficient and SLL of the array is significantly reduced comparing with the array with no load. The proposed planar matching load has the benefit of conformity, low profile, compact size, light weight, easily integration with SIW slot array, and it is suitable for both linear arrays and planar arrays.
